[1] The formation of polar stratospheric clouds (PSCs) is critical to the development of polar ozone loss. However, the mechanisms of PSC formation remain poorly understood, which affects ozone loss models. Here, based on observations by the NASA A-train satellites, we show that 66% ± 16% and 52% ± 17% of PSCs over west and east Antarctica during the period June -October 2006 were associated with deep tropospheric cloud systems, with maximum depths exceeding 7 km. The development of such deep tropospheric cloud systems should cool the lower stratosphere through adiabatic and radiative processes, favoring PSC development. These deep systems also transport lower tropospheric air into the upper troposphere and lower stratosphere. These new findings suggest that Antarctic PSC formation is closely connected to tropospheric meteorology and thus governed by synoptic scale dynamics, local topography, and large-scale circulation. More dedicated studies are still needed to better understand Antarctic PSC formation. Citation: Wang,
Introduction
[2] The formation of polar stratospheric clouds (PSCs) is critical to the development of polar ozone loss. Inactive chlorine species are converted into reactive chlorine species on the surfaces of PSC particles [Solomon, 1999] . PSCs form when temperatures are cold enough for the low abundance of stratospheric water and nitric acid vapors to condense on pre-existing stratospheric aerosol. In the winter, the Antarctic stratosphere is strongly controlled by a polar vortex [World Meteorological Organization (WMO), 2007] , which inhibits strong mixing with the low-latitude stratosphere, resulting in a cold environment and in the isolation of stratospheric gases and aerosol. Tropospheric synoptic or mesoscale events enhance local cooling in the low stratosphere, which should also enhance PSC formation in the lower stratosphere [Cariolle et al., 1989; Carslaw et al., 1998; Teitelbaum et al., 2001] ; however, it is not clear to what extent tropospheric meteorology contributes to Antarctic PSC formation in general. Deep tropospheric cloud systems are normally associated with large-scale lifting or strong local convective and cyclonic activities. The existence of deep tropospheric cloud systems is a good indicator of tropospheric upwelling. Correlations between PSCs and tropospheric cloud systems suggest that tropospheric dynamics may play a significant role in PSC formation.
[3] Our present understanding of PSCs is based on extensive laboratory investigations [e.g. Hanson and Mauersberger, 1988] , measurements carried out in situ [e.g. Carslaw et al., 1994; Fahey et al., 2001] , by remote sensing [e.g. Santacesaria et al., 2001; Fromm et al., 2003] , and modeling studies. Remote sensing observations bring a global perspective to our understanding, and allowing integration of the data into global models. Due to cold surface temperatures over Antarctica, it has been difficult to differentiate tropospheric cloudiness from the surface in previous nadir viewing passive satellite measurements. Recent space-based lidar measurements [Palm et al., 2005; Winker et al., 2007] , particularly those from the CALIPSO satellite have been combined with the cloud radar observations of CloudSat flying along the same trajectory with a lag of less than 20 seconds [Stephens et al., 2002] . These combined data provide the first real view of tropospheric cloudiness and PSC distribution during winter in Antarctica.
Data Analysis
[4] We used CloudSat and CALIPSO data from JuneOctober 2006 to explore the connection between PSCs and tropospheric cloud systems. We used the combined data to determine the cloud distribution over Antarctica. The CloudSat GEOPROF product was used to provide cloudy bins (cloud mask value of !30) from radar measurements [Marchand et al., 2008] , while CALIPSO Level 1B data were averaged to the CloudSat horizontal resolution ($1.1 km) with 180 m vertical resolution and collocated with CloudSat data for cloud detection using the Attenuated Lidar Scattering Ratio (ALSR). ALSR is the ratio of total signal to molecular-only signal, which is estimated from CALIPSO measurements during cloud-free periods. The following approach is applied to day and night time ALSR profiles between À60 to À90 S to detect tropospheric clouds. For each profile, the first layer cloud base was defined as the first bin with ALSR > 3.5 above the surface, and the first layer top as where the ALSR first dipped below 2. The second and higher cloud layers were searched upward in a similar fashion. For cases where there was no gap between PSC and the tropospheric cloud system, the tropospheric cloud top was determined at a level where ALSR decreased below 4 and the ALSR at $900 m below >8. The CALIPSO cloud base and top heights were limited below 12 and 15 km, MSL (Mean Sea Level), respectively. This simple approach ignores some optically thin clouds, which are not important for this study because of their weak impacts on the stratosphere. After cloudy bins were identified from the collocated CALIPSO and CloudSat measurements, they were merged to provide the vertical structures of tropospheric clouds at the CloudSat vertical resolution (240 m) for further analysis [Wang and Sassen, 2001] .
[5] A similar method described by Pitts et al. [2007] is used for detecting PSC with a slightly higher threshold. First, CALIPSO data is moving-averaged to 20 km horizontally to improve the signal-to-noise ratio for ALSR calculation in the stratosphere. For night time, vertical bins above 12 km and the tropospheric cloud top with ALSR > 1.8 are defined as PSC. In the daytime, depending on the solar background and height, the thresholds are increased to exclude solar noise.
[6] To understand the extent to which Antarctic PSCs are associated with tropospheric cloud systems, vertically and horizontally connected tropospheric cloud or PSC bins were grouped together as tropospheric cloud or PSC systems. To further reduce false PSC detections caused by solar noise, we calculated the areas of PSC systems. PSC systems smaller than 100 bins during the daytime were considered noises. The PSC detection results were also visually inspected for quality control.
Results and Discussion
[7] Although PSCs exist almost everywhere, seasonallyaveraged map indicates two main regions with high PSC occurrence (Figures 1a and 1b) : 1) Marie Byrd Land and the Antarctic Peninsula, and 2) the southern side of East Antarctica. The contrast between these two areas is reflected in their mean ALSRs (Figures 1c and 1d) . Over Marie Byrd Land, and especially over the Antarctic Peninsula, the mean PSC scattering ratio is significantly higher than over the other regions.
[8] Topographically-forced mountain waves have been regarded as one of important Antarctic PSC formation mechanisms. PSCs formed under mountain waves tend to be localized along the coast of Antarctica, and they tend to remain quasi-stationary relative to the mean stratospheric flow [Cariolle et al., 1989] . Thus, the observed PSC distribution pattern cannot be explained by mountain wave effect. Synoptic-and meso-scale cyclonic activities are very common over west Antarctica. The Ross Sea/Ross Ice Shelf region, the northern part of the Antarctic Peninsula, and the southern part of the Weddell Sea are the regions most active in mesoscale cyclogenesis [Simmonds and Keay, 2000; Carrasco et al., 2003] . Intense cyclonic activity disturbs the upper troposphere and causes quasi-adiabatic uplift through the lower stratosphere, in some cases, cooling the air sufficiently to form PSCs. This dynamic perturbation has been identified as an important PSC formation mechanism over the arctic [Teitelbaum et al., 2001] . For predominantly westerly flow in the upper troposphere and lower stratosphere, it is reasonable to expect high PSC occurrence downwind of regions of mesoscale cyclogenesis, assuming cyclonic activity is a mechanism for PSC formation over Antarctica. Intense cyclones are also typically accompanied by the development of deep tropospheric cloud systems. Under these circumstances, a strong correlation between PSCs and deep tropospheric cloud systems (including deep clouds and extended middle and high clouds) is expected. The map of occurrence of high clouds (Figure 1e) shows that high clouds are observed over the downwind areas of the regions of mesoscale cyclogenesis. As indicated in Figure 1f , deep clouds form mainly along the shore, but high clouds associated with these deep clouds can extend deep into Antarctica and cover a larger area. High PSC occurrence areas (Figures 1a and 1b) appear embedded in regions of high cloud occurrence (Figure 1e ).
[9] When tropospheric cloud systems with cloud maximum depths exceeding 7 km are observed beneath a PSC system, the PSC system is considered to be associated with the tropospheric cloud system. Weekly averages of PSC area, cloud height, and cloud system association fraction are shown in Figure 2 . The total vertical area of PSCs (Figure 2a ) along the CloudSat orbit slowly increases with small weekto-week variation, until a significant decrease begins around mid-August. Figure 2b shows that 66 ± 16% and 52 ± 17% PSCs are directly associated with deep tropospheric cloud systems over west and east Antarctica, respectively, although it should be noted that these percentages change with time. Before mid-August, the fraction of cloud association is approximately 50%. The increasing percentage of cloud association as winter progresses indicates the increasing importance of tropospheric cloudiness on PSC formation over Antarctica. Following the sharp decrease of PSC amounts in late August (around day 240), a second maximum occurs in mid-and late September, which correlates with a high percentage of cloud association. During this period, solar radiation returns to Antarctica and stratosphere ozone loss begins. The further southern penetrations of weather systems over west Antarctica certainly contribute to the stronger association of PSCs with tropospheric cloud systems over west Antarctica than east Antarctica, but the complex interactions of dynamics and terrain must be further explored.
[10] The development of deep tropospheric cloud systems may affect PSC formation because of their ability to cool the lower stratosphere radiatively and adiabatically. Deep tropospheric cloud systems over Antarctica develop mainly along frontal systems embedded in regions of cyclonic activity. These meteorological conditions produce synoptic-scale and mesoscale uplift to the lower stratosphere [Teitelbaum et al., 2001] . The additional adiabatic cooling of air above the clouds provides conditions favorable for PSC formation, especially during September and October when PSC formation requires lower temperatures due to lower H 2 O and HNO 3 gas concentrations caused by the dehydration and denitrification processes associated with PSC formation in early winter. An example of a deep cloud system linked to a PSC system in the Weddell Sea is shown in Figure 3 . Although the deep part of clouds extends only $200 km horizontally, as indicated by CloudSat radar measurements, the optically thick upper tropospheric clouds extend over much larger areas, as indicated by CALIPSO measurements. MLS measurements on Aura indicate cooling below 190 K between 8 and 30 hPa above the tropospheric cloud system. Optically thick PSCs were observed in this region by lidar (Figures 3b and 3c) . In contrast, only optically thin PSCs formed at the same altitudes in regions lacking tropospheric clouds beneath.
[11] The colder upper tropospheric clouds reduce upwelling long wave radiation, thereby enhancing radiative cooling of the stratosphere. Radiative calculations based on ozone and temperature sonde data collected in August 2006 at McMurdo Station indicate that clouds with an ice water path of 20 g/m 2 at 10 -12 km can produce an additional 0.1 K/day of cooling in the lower stratosphere. This additional cooling, compared to clear-sky cooling, is significant when it occurs between 15 and 20 km. Although radiative cooling is small compared to adiabatic cooling, its importance emerges for persistent cloud systems and for supplying adiabatic cooling. Temperature anomalies over 70-120°W and 65-80°S at three different altitudes (Figure 4) , estimated based on MLS satellite measurements and ECMWF model analysis, clearly indicate that both PSCs and high clouds are associated with low stratospheric temperatures slightly colder than the average.
[12] Deep tropospheric cloud development is often associated with strong vertical transport, which brings lower tropospheric air (trace gases and aerosols) into the upper troposphere and possibly lower stratosphere. Back trajectories indicate that air parcels at 5 km in deep clouds observed over the Weddell Sea (Figure 3a) originate at mid-latitudes, about four days earlier, within a layer extending from the near surface to an altitude of approximately 2000 m. N 2 O profiles from MLS (Figure 3e ) suggest that tropospheric air reaches as high as 60 hPa ($17 km) in the area of cloud system development. Gravity waves generated above tropospheric clouds can also generate a mixing layer characterized by weak vertical gradients of potential temperature and other tracers in the upper troposphere and lower stratosphere. Thus, uplifted tropospheric air may spread into a larger area in the lower stratosphere through isentropic mixing, mixing associated with gravity waves, or other tropopause disturbances. The addition of tropospheric air to the stratosphere may affect stratospheric chemistry.
[13] In general, PSC base height ( Figure 2c ) decreases with time, and this may be caused by diabatic descent of air in the polar vortex, together with dehydration and denitrification processes [Rosenfield et al., 1994; WMO, 2007] . Meanwhile, the weekly mean of maximum cloud top height increases with time until the end of September, when the stratosphere begins to warm. During late August and throughout September, most PSCs are connected to deep tropospheric clouds. The changes in the distance between PSC base height and tropospheric cloud top height suggest that tropospheric cloud systems may play different roles in PSC formation at different time periods. Before mid-August, cloud systems mainly provide additional cooling for the lower stratosphere; however, the close connection between PSCs and cloud systems in the later PSC formation period indicates possible transport of tropospheric air into the lower stratosphere, enhancing PSC formation. The late winter Antarctic tropopause is essentially non-existent and significant vertical coupling between the troposphere and stratosphere is likely.
[14] Although the results here illustrate that Antarctic PSC formation is strongly associated with tropospheric synoptic and mesoscale conditions, it is unclear how complex interactions of air flows of different scales in the troposphere and potential climate changes will affect Antarctic PSC formations. The topographic inhomogeneity over Antarctica produces a strong katabatic wind regime [Parish, 1992] that has been linked to mesoscale cyclogenesis over Antarctica [Carrasco et al., 2003] . Mesoscale cyclones also strongly interact with synoptic and larger-scale conditions and the complex terrain [Carrasco et al., 2003] . Climate model simulations indicate that climate change could result in stronger storms in the polar region [Yin, 2005] . Thus, predicting year-to-year variations of the Antarctic ozone hole may require a deeper understanding of Antarctic tropospheric disturbances and further detailed studies are needed.
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